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Abstract 
The ‘water leak test’ in an automotive final assembly line is often a significant cost factor due to its labour intensive nature. This 
is particularly the case for premium car manufacturers as each vehicle is watered and manually inspected for leakage. This paper 
delivers an approach that optimises the efficiency and capability of the test process by using a new automated in-line inspection 
system whereby thermographic images are taken by a lightweight robot system and then processed to locate the leak. Such 
optimisation allows the collaboration of robots and manual labour which in turn enhances the capability of the process station. 
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1. Introduction 
Industrial robots have been a part of industrial 
manufacturing for decades and have been used in the 
automotive industry since 1959 [1]. So far humans are not 
able to share their workspace with robots because of the 
potential hazard resulting from high weight, dynamic and 
forces of typical robots used in production lines. As a 
consequence a significant number of tasks in the assembly 
and commissioning line especially in the car manufacturing 
are performed by manual labour.  
Newly developed lightweight robots in combination with 
the latest sensor and security technology are now able to 
create the opportunity for a direct collaboration of humans 
and robots in the same workspace without any of the usual 
safeguards such as fences or enclosures. 
The automotive industry is especially interested in 
implementing these new systems in their manufacturing 
process. For example, VW, BMW and Mercedes started pilot 
projects using lightweight robots in their assembly lines [2, 3, 
17]. This paper examines the development of novel 
applications for these robots systems then provides a suitable 
process whereby the systems are optimised in technical, 
ergonomic and safety-related aspects. [4, 5, 6]. 
2. State of the Art 
2.1. Automotive final assembly line 
After the assembly process is completed a car comes to the 
end-off-line area. In this part of the process the functional 
capability of the whole vehicle is assured by adjustment work. 
For example, setting chassis suspension, starting up driver 
assistance systems, testing of brakes and engine and so on [7]. 
One of the final tests before the car leaves the factory is the 
water leak test. This test is a significant cost factor 
particularly for premium car manufacturers, and the test time 
is approximately 10% of the overall time for quality checks. 
Firstly, the vehicles are watered for at least six minutes under 
different rain scenarios. Then a manual inspection of the areas 
is performed for any leakage. The interior and the luggage 
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space are visually and tactile tested by a worker. In the case of 
very small defects or infiltration of moisture into seats or 
carpet, reproducible error detection is often omitted by the 
manual workers. This human error must be taken into 
consideration to improve the effectiveness of the test [8]. 
As a result, a new automated and reproducible process for 
the inspection needs to be defined to increase the process 
capability. A challenge for the automation of the test is that 
the testing system must be implemented in a continuous 
assembly line and operates parallel to workers.  
2.2. Physical Human- Robot Interaction 
The direct human-robot-cooperation is defined by a shared 
and overlapping workspace for humans and robots [9]. The 
cooperation offers a large variety of applications and supports 
the worker in the improvement of the process [10].  
The design of the collaboration of human and robot in 
cooperative assembly tasks should use the strengths of both 
sides. In order to exploit the full potential of the physical 
human robot collaboration an optimal division of labour on 
the process level should be aimed for. In this way the most 
suitable process is allocated to the interaction partner 
according to their individual characteristics. The main 
benefits for the user are shown in the triangle (fig. 1) between 
costs, time and quality. 
 
 
Fig.1: Potentials of the physical human- robot interaction [9]  
In terms of the costs, the flexible sharing of the workload 
between human and robot allows a customized automation 
which is an optimal trade-off between labour costs and 
investment costs [9]. 
The typical strengths of a robot system, i.e., operating 
without breaks and fatigue and providing a high level of 
process capability, should be used for simple repetitive tasks 
which can be automated with a reasonable programming 
effort [11] 
The high conversion and transformation flexibility can be 
provided by a product independent layout of the process 
station and the flexible nature of human workers. Because of 
the shared workspace the layout of the factory can be used 
very efficient and the capacity utilisation is enhanced. The 
missing safety housing gives the worker the opportunity to 
enter the robot working area at any time without any hazard. 
Malfunctions can be rectified easily without a disruption of 
the overall process and a high availability is ensured [4, 11]. 
The robot offers a high reproducibility and a subjective 
influence on the tasks can be excluded. The process capability 
is increased and a permanent quality control is given. 
Another positive effect is an enhanced work satisfaction 
level for a motivated worker because of the higher 
responsibility given. In this system the worker is not only 
responsible for his own tasks but also to check the work of the 
robot as well [11]. 
2.3. Safety in Physical Human- Robot Interaction 
The first and most important goal for the development of 
shared workspaces for humans and robots is safety. Under no 
circumstances should the robot cause harm to human directly 
or indirectly, either in regular operations or in failures. In the 
same time it must be ensured that the robot does not 
compromise the accuracy, speed and efficiency of its 
performance [4]. 
The important standards for human-robot collaboration are 
noted as follows. 
The industrial standard DIN EN ISO 10218-1 and 2 
“industrial robots - safety requirements” was updated at the 
beginning of 2012 concerning the subject human-robot 
collaboration. This proves the effort made to define the safety 
standards for this new operation mode. In the chapter 5.10 of 
the standard DIN EN ISO 10218-1 specific requirements for 
the collaborative use of the robot are defined. One or more 
requirements must be fulfilled to obtain the approval for the 
physical human robot interaction [10]. 
 
The requirements are as follows: 
 
x Stop of the robot if someone enters the robot work area. 
x Moving the robot by hand secured by an enabling button. 
x Position and speed monitoring of the robot. 
x Power and force limitation by an inherent safety of the 
construction or the robot controller. 
 
The approval according to these points is only valid for the 
robot itself. For the entire process station the standard DIN 
EN ISO 10218- 2 defines general requirements which need to 
be evaluated in the course of a risk assessment [12]: 
 
x Arrangement and surroundings of the robot 
x Installation of the robot arm ( e.g.: avoid working 
underneath the robot) 
x Requirements for tools and end effectors (e.g.: ergonomic 
design, no sharp edges) 
x Process specific hazards (e.g.: temperature, danger of being 
crushed) 
x Necessary personal safety equipment (e.g.: gloves, helmet, 
ear protection) 
x Construction and installation of the control panel 
(reachability, ergonomics) 
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The standard ISO/TS 15066 includes in addition to the risk 
assessment also technical and biomechanical criteria, as well 
as ergonomic aspects for the safety examination of robot 
workstations. The definition of the limits for collisions 
between robot and human is dependent on the progression of 
the impact force, the pressure distribution, endangered regions 
of the human body and the nature of the contact (pushing or 
crushing) [13, 14]. 
In conclusion, the safety of human-robot collaboration can 
only be assessed by regarding the whole process station. A 
careful risk assessment in cooperation with official 
institutions for accident insurance and prevention is necessary 
to ensure the safety of the workers interacting with the robot.  
2.4. Physical Human- Robot Interaction in the assembly line 
Robots designed to coexist and cooperate with humans are 
used in assembly lines for applications such as assisted 
industrial manipulation or collaborative assembly [4]. 
There are several solutions which are already implemented in 
the production line of factories. Examples from the 
automotive industry are shown in Fig.2.  
 
 
Fig 2: Industrial applications of human-robot collaboration [2, 15, 16] 
Volkswagen is using a lightweight robot application shown 
at the bottom of Fig. 2 for the engine assembly. The robot is 
mounted in a stationary workstation. It assists the workers and 
releases them from ergonomically unfavourable work [17]. A 
similar robot workstation is running in the BMW plant in 
South Carolina, where the robot helps workers performing the 
final door assembly [2]. Mercedes has a pilot project in the 
rear axle assembly line where robots with intelligent torque 
sensors are used to fit gear wheels into the axles [3]. These 
use cases can be described as a workplace sharing hybrid 
system, where the robot is stationary and the worker is 
moving around it in an overlapping workspace [11]. 
Another focus of the research is the development of mobile 
assist robots as a combination of lightweight robots with 
automated guided vehicles. The rob@work platform by 
Fraunhofer IPA is an example for such a mobile robot that is 
capable of fetching and picking parts on behalf of its human 
coworkers [18, 19].  
In summary, lightweight robot systems for collaborative 
use are of rising interest for companies and research. With 
these systems it becomes possible to bridge the gap between 
fully automated and manual assembly processes. A large 
variety of use cases is possible and there is a need for further 
research.  
 
3. Collaborative testing system for the automotive final 
 assembly line 
3.1. New use case for collaborative lightweight robots 
In the existing applications for lightweight robots 
described in chapter 2.4 the robot is stationary in an assembly 
station and the assembly objects are fed with a transport 
system. Furthermore, mobile robot platforms equipped with a 
lightweight robot arm were mentioned. 
This paper delivers a new use case for the human-machine 
collaboration in the continuous assembly line. A lightweight 
robot is mounted on a transport system and guided alongside 
the assembly object. It performs assembly or testing tasks. 
This application is perfectly suited for the human-machine 
collaboration. So far most of the assembly and testing tasks 
are done manually. Conventional industrial robots are no 
alternative, the safety measures are too complicated and they 
are inflexible in their use. A customized and flexible 
automation by human-robot cooperation supports the worker 
systematically and performs repetitive tasks with a high 
process capability. 
3.2. Approach 
As described in chapter 2.1 the water leak test performed 
in the final assembly line is in need of improvement. An 
approach for optimization is the implementation of an 
automated system which increases the efficiency and 
capability of the process and relieves the worker. In order to 
implement the testing system in the continuous assembly line 
a lightweight robot system qualified for the collaboration with 
humans is well suited. The amount of manual labour can be 
reduced and the available personnel capacity can be used for 
other tasks. The workers are performing their tasks alongside 
the robot and are able to supervise its work. It leads to an 
increase of capacity utilization and lowers labour costs. In 
total the efficiency of the overall process is improved. For the 
automated moisture detection an image processing system is 
applied to the robot. A thermographic camera takes pictures 
of the interior of the car, these are processed and wet spots 
can be detected. The test result is used for a go/no go decision 
and a defect car is transported to a manual rework station. 
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3.3. Testing system 
The development of the testing system is subdivided in 3 
steps: 
 
x Conceptual design of the testing process 
x Robot system 
x Image processing system 
3.3.1. Conceptual design of the testing process 
After the vehicle has been watered in the rain tunnel the 
interior test should be carried out automatically. Therefore the 
worker needs to ensure the accessibility of the interior for the 
robot, by opening all doors. Specified to each type of vehicle 
(e.g. station wagon, limousine, coupe, convertible) the areas 
sensitive for leakage are checked by taking pictures with a 
thermographic camera. Therefore the camera is led into the 
car by the robot through the door opening. 
In a first experimental set up the robot is placed stationary 
beside the car. In the later stage, a transport system moves the 
robot alongside the car in the continuous assembly line. 
3.3.2. Robot system 
After a detailed market analysis it was decided to use the 
Universal Robot UR 10 (Fig 3.) for this project. The robot has 
several features which makes it suitable for the project. First 
the high reach of 1300 mm which is important for the 
reachability of the interior for tests inside the car. The robot is 
certified by the Danish Technical Inspection Authority and 
fulfills the article 5.10.5 of the standard EN ISO 10218-1 
(described in 2.3) which approves it for the physical human-
robot interaction [20]. This certificate is only valid for the 
robot itself, which means the safety of the complete system 
including the camera and transport system is in need of a 
careful risk assessment.  
Another advantage of the Universal Robot is its 
recognition by the industry, for example, BMW and VW are 
already using it in their plants [2, 17]. So the general 
capability of the robot to perform in an industrial production 
line is already confirmed and the acceptance by the companies 
is given. 
Fig 3: Universal Robot UR10 with controller [21] 
3.3.3. Image processing system 
The measurement principle used for the moisture detection 
is the detection of the evaporation cooling originated from the 
wet spots. This coldness can be seen in the thermographic 
picture shown at the bottom of figure 4 as a darker area 
compared to the surroundings.  
In pre-tests on the vehicle shown at the top of figure 4 and 
in climate chamber tests the capability of the measuring 
system could be proved. The resistance of the measurement 
against variable humidity and temperature could be ensured as 
well as the detection of small amounts of liquid. As shown at 
the bottom of figure 4 on the left side even very small drops 
can be detected. In experiments it was proven that drops of a 
diameter less than 1mm can be detected by the algorithm. 
Another advantage of the thermographic test system is the 
ability to detect moisture in soaked textiles or leather. Even 
after an exposure time of several hours (depending on the 
amount of liquid) spots which cannot be seen or felt anymore 
by a human can be spotted. Moisture which is absorbed at the 
outside of a material and passes through to the opposite 
surface can be detected as well. This is important if moisture 
infiltrates the car from the underbody and is soaked up by the 
insulation and the carpets. 
 
Fig. 4: Image processing system with thermographic images 
For the algorithm of the image processing Blob detection is 
used to detect the wet spots. In Fig. 5 the single steps of the 
algorithm are shown. In a first step the gray scale values of 
the picture are determined by extracting an RGB-layer. The 
resulting grayscale picture is then processed and binarized. 
The wet spots are shown as a white area in the picture and can 
be detected clearly. 
 
 
Fig. 5: Steps of the image processing algorithm 
63 Rainer Müller et al. /  Procedia CIRP  23 ( 2014 )  59 – 64 
3.4. Experimental set up 
In the first stage the robot is set up beside the test car on a 
stationary platform (Fig 6). This setting is used to implement 
and test the control concept of the system and the 
communication between robot and camera. Also the robot 
controller is programmed and the collision free reachability of 
the measurement points is ensured. Another important point is 
the first analysis of possible hazard sources which can 
possibly be eliminated or need to be considered in a 
subsequent safety assessment. 
 
 
 
Fig. 6: Experimental set-up 
4. Development of a demonstrator  
After the pre-tests with a simplified experimental set up the 
process is build up in a true to reality demonstrator. In the 
scope of this project and parallel running research four 
stations of the automotive final assembly are installed at the 
center for automation and mechatronics research facility. This 
demonstrator consists of an overhead conveyor system and 4 
equal process stations with a base area of 6x6 meters and a 
height of 4.5 meters. The process station for the water leak 
test is shown in figure 7. 
 
Fig. 7: Demonstrator set up for the water leak test 
In contrast to practice in the factory, the vehicle is 
transported in an overhead conveyor system through the 
process station. This has been implemented due to the 
requirements of the other process stations, nevertheless the 
process can be simulated exactly as in reality. The robot is 
mounted on a transport system which guides it alongside the 
car. For the testing process the robot takes the camera to the 
areas sensitive for leakage to take the thermographic images. 
The 1:1 scale of the demonstrator offers perfect possibilities 
to validate the test process under realistic factory conditions. 
The implementation under factory conditions with floor-based 
transport equipment is shown in Fig 8. 
 
Fig. 8: Implementation of the system in the factory environment 
According to the common cycle times in the assembly line 
of the OEMs a testing time between 60 and 70 seconds for the 
interior is aimed for. 
5. On-going research and outlook 
The conceptual design and first experiments of the testing 
system are described in this paper. A demonstrator scenario is 
planned whereby the system can be validated in real 
manufacturing environment. The demonstrator is currently in 
its design and testing phase. In this scenario the complete 
validation and risk assessment for the process is done and the 
process will be optimized to a pilot production stage. On top 
of that a great potential is created to use the know-how from 
this process for the development of further testing and 
assembly tasks. 
6. Summary 
Newly developed lightweight robot systems offer many 
advantages and flexibilities in an attempt to automate manual 
processes. The direct robot-human collaboration has the great 
advantage that humans and robots can share the same 
workspace without strict separation measures. This creates 
huge potential to increase the efficiency and process 
capability as well as to achieve cost reduction on the other 
side. The workers benefit from a more ergonomic workflow 
and are relieved from unpleasant, repetitive and burdensome 
tasks.  
The aforementioned examples of the testing system for 
moisture detection present a concrete example of how the 
potential can be exploited and implemented in practice.  
Quelle:
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The utilisation of a lightweight robot in the continuous 
assembly line is the next development stage of the human-
robot collaboration. In the course of this project this was done 
prototypically for the first time. 
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